Segregation of Particulate Solids: Segregation via Convection

S. Luding(*/**), J. Duran(*), E. Clément(*), J. Rajchenbach(*) (*) Laboratoire d’Accoustique et d’Optique de la Matière Condensée, URA 800, Université Pierre et Marie Curie, 4 place Jussieu, 75005 Paris, France (**) Institut für Computeranwendungen 1, Pfaffenwaldring 27, 70550 Stuttgart, Germany (March 14, 1996)

I. INTRODUCTION

The segregation of granular materials is an effect of eminent importance for industrial operations and is subject to research since decades. Various experimental methods are used to measure the properties of granulates and to achieve information about the behavior of powders within the industrial environment, e.g. silos, hoppers, conveyor belts or chutes. However, important effects like size segregation are not yet completely understood and thus cannot be controlled under all circumstances. Experimental methods and theoretical approaches are nicely complemented by numerical simulations which in the last few years developed tremendously. For a review which covers a broad experience on segregation see Ref. [1] and Refs. therein. Different types of segregation are described and the factors affecting segregation are discussed extensively. Furthermore, theoretical approaches and methods for measurement and description of segregation are explained. In view of recent experimental and numerical results, we like to discuss here some more phenomena which were found to be important for size segregation.

A lot of effort has been invested in the understanding of basic effects in granular materials, such as heap-formation [2,3], convection [2,4,5] or size-segregation [6–12]. It turned out that segregation can be driven by geometric effects, shear, percolation and also by a convective motion of the small particles in the system [6]. Under many conditions, segregation due to convection appears to be orders of magnitude faster than segregation due to purely geometrical effects [7,8]. In rotating drums, an archetype of many industrial devices, several segregation processes acting in parallel are reported [13]; in three-dimensional devices, axial and longitudinal segregation are observed [14–16] simultaneously. For axial segregation, particle percolation is reported to be responsible [15], while longitudinal segregation is related to different surface flow properties in the cylinder [17,18]. However, there are still open questions which are subject to current research on model granular media [19,20]. New experimental techniques were recently developed to achieve detailed informations about the ‘microscopic’ quantities inside granular model systems. Model systems are assemblies of quite large spheres inside a two- or three dimensional system. We mention here recent experiments [7,8,21,19] for which different experimental setups and image processing techniques were developed, to follow the motion and also rotation of each particle. Furthermore, Ehrichs et al. [22] presented experiments where they examine granular convection with nuclear magnetic resonance imaging methods. Eventually, detailed experimental data will allow a comparison with various theories [23–29].

The main goal of this paper is to describe in Sec. II in how far convection may enhance segregation. Furthermore, we give a brief review of recent publications dealing with numerical simulations of discrete granulates in Sec. III, and we conclude in Sec. IV.

II. CONVECTION AS A MOTOR OF SEGREGATION

In Ref. [1] three basic types of segregation are discussed: Segregation in a powder bed, at the surface of a powder bed and in a fluidized powder bed. The first two types may be related mainly to geometrical effects such that the large particles rise to the top and the small particles move downwards to the bottom. The probability to fall down depends in general on the size of the empty space, beneath a particle, compared to its size. Thus downward motion is more likely for small particles. Note that the probability for downward motion is not only a function of size but also of shape, surface and density.

The simple argument above shows the importance of geometrical effects. However, this type of segregation due to geometry reasons only is rather slow for weak agitation [7,8], i.e. it leads to segregation speeds of several particle diameter per hundreds of vibration periods. This may be understood by the fact that the probability for large interstices is extremely small in a dense bed.

Besides shear, an effect we will not discuss in more detail here, an alternative motor of segregation is convection. In Ref. [6] experiments show that convection leads to fast size segregation. Assume powder in a vibrated container with rough boundaries. For accelerations larger than a critical threshold, the granulate is subjected to a ballistic flight and there is a relative motion between the container walls and the grains. Grains located at the vicinity of the boundaries feel a force which acts downwards in average [30,31]. A convective motion, downwards at the walls and upwards in the center of the container is the consequence. Convection and segregation were investigated experimentally [6,8,2,32] and also numerically [10,12,4,5,33–36] . Large particles are transported by those convective rolls in the upward direction where they remain trapped on the free surface since they are too large to be reinjected into the rather thin layer of downward flux near the boundaries. Convection may lead to rather large segregation speeds. If convection is limited to the upper layers of the bed geometrical effects may be dominant again in the lower part of the system [2,8,35].

Like in a fluidized bed, where the segregation also depends on the motion of the background fluid or gas, segregation in a mixture of two species may be driven by the flux within the system, i.e. convection, rather than by local reorganizations only.

III. NUMERICAL SIMULATIONS

In the last years, much effort was invested into the numerical modelling of granular media. Due to the increasing power of todays computer hardware it is possible to handle large particle numbers of rather arbitrary shape and size distribution in different geometries. Most of the simulations are performed using discrete element algorithms also termed molecular dynamics (MD) methods [4,5,33,37–39]. In addition, event driven (ED) algorithms [40–44,28,45,46] and Monte Carlo (MC)-like approaches [12,34] are used. MD and ED methods follow the particles trajectories in time based on different basic assumptions concerning the contacts of particles. In contrast, MC methods account for the random nature of granular materials by choosing one particle at random and applying different possible rules to move it. The connection between deterministic methods (MD and ED) and random methods (MC) is not obvious, since material dependent properties like dissipation and friction are not straightforward to include into the MC rules. Therefore we focus now on MD and ED methods, briefly describing the main features of both methods. Both simulation methods are based on assumptions about the particle-particle and particle-wall interactions. MD algorithms integrate Newton’s equations of motion at e.g. fixed intervals of time, assuming contact forces in both, normal and tangential direction. For a recent review on possible interaction forces see Ref. [47]. For the sake of simplicity, one models granulates by spheres, with either, perfectly smooth or rough surface. Recent publications, using nonspherical particles [39], also take into account the asymmetric nature of, e.g., real sand. In contrast to the integration of forces in MD algorithms, ED algorithms evaluate the time of the next contact and compute the velocities of particles after the contact using a collision matrix scheme. In ED methods the time of contact of two particles is implicitly zero, fact which may lead to the ‘inealstic collapse’, i.e. a total loss of energy within a very short time [43,44,48,49]. For a comparison of MD and ED see Refs. [33,50,51], where a problem of MD, connected to the duration of contacts, i.e. the so called ‘detachment effect’, is discussed.

IV. SUMMARY AND CONCLUSION

In this paper, we pointed out the relevance of convection for segregation. If convection is strong and faster than geometric effects, segregation may be enhanced. Thus it is important to take care of convection in order to understand and control segregation. Furthermore, we presented a reference list of recent progress in the physics of granular media, including new experimental techniques and approaches, theories, and also a variety of numerical simulation methods.

Comparing the references of the present paper and of Ref. [1] we observe the existence of two distinct communities with only a small overlap of journals. On one side we find the engineering community with the experience and the knowledge of several decades and with the access to large scale industrial applications. On the other side we have the physicists community where new experimental methods were developped recently, including both, advanced technology and also model systems. Furthermore, new algorithms for computer simulations lead together with todays powerful hardware to a fast progress in the understanding of granular physics. The viewpoints, the questions, and the aims of both groups, engineers and physicists may be different but the goal, i.e. the understanding of granular physics, is common to both. Within this context, we hope that this paper is another step to bridge the gap and towards a better communication between both groups.

ACKNOWLEDGMENTS

We gratefully acknowledge the support of the European Community (Human Capital and Mobility) and of the PROCOPE scientific collaboration program. The group is part of the French Groupement de Recherche sur la Matière Hétérogène et Complexe of the CNRS and of a CEE network HCM.

[1] Z. T. Chowhan, Segregation of Particulate Solids, Part I, Pharm. Technol. 19, 56 (1995).

[2] E. Clément, J. Duran, and J. Rajchenbach, Experimental Study of Heaping in a Two- Dimensional “Sandpile”, Phys. Rev. Lett. 69, 1189 (1992).

[3] C. Laroche, S. Douady, and S. Fauve, Convective Flow of granular masses under vertical vibrations, J. de Physique 50, 699 (1989).

[4] Y. h. Taguchi, New Origin of a Convective Motion: Elastically Induced Convection in Granular Materials, Phys. Rev. Lett. 69, 1367 (1992).

[5] J. A. C. Gallas, H. J. Herrmann, and S. Sokolowski, Convection Cells in Vibrating Granular Media, Phys. Rev. Lett. 69, 1371 (1992).

[6] J. Knight, H. Jaeger, and S. Nagel, Vibration-Induced Size Separation in Granular Media: The Convection Connection, Physical Review Letters 70, 3728 (1993).

[7] J. Duran, J. Rajchenbach, and E. Clément, Arching Effect Model for Particle Size Segregation, Physical Review Letters 70, 2431 (1993).

[8] J. Duran, T. Mazozi, E. Clément, and J. Rajchenbach, Size segregation in a two-dimensional sandpile: convection and arching effects, Physical Review E 50, 5138 (1994).

[9] P. Haff and B. Werner, Computer simulation of the mechanical sorting of grains, Powder Technology 48, 239 (1986).

[10] A. D. Rosato, K. J. Strandburg, F. Prinz, , and R. H. Swendsen, Why the Brazil Nuts Are on Top: Size Segregation of Particulate Matter by Shaking, Phys. Rev. Lett. 58, 1038 (1987).

[11] P. Devillard, Scaling behaviour in size segregation (“Brazil Nuts”), J. Phys. France 51, 369 (1990).

[12] R. Jullien and P. Meakin, Three-Dimensional Model for Particle-Size Segregation by Shaking, Phys. Rev. Lett. 69, 640 (1992).

[13] M. H. Cooke, D. J. Stephens, and J. Bridgewater, Powder mixing - a literature survey, Powder Technol. 15, 1 (1976).

[14] Y. Oyama, Horizontal Rotating Cylinder, Bull. Inst. Phys. Chem. Res. (Tokyo), Rep. 18, 600 (1939).

[15] S. D. Gupta, D. V. Khakar, and S. K. Bathia, Axial segregation of particles in a horizontal rotating cylinder, Chem. Eng. Science 46, 1513 (1991).

[16] N. Nakagawa, Axial segregation in a horizontal rotating cylinder, Chem. Eng. Scien.-Shorter Commun. 49, 2544 (1994).

[17] O. Zik, D. Levine, S. G. Lipson, S. Shtirkman, and J. Stavans, Rotationally induced segregation of granular material in a horizontal rotating cylinder, Phys. Rev. Lett. 73, 644 (1994).

[18] K. M. Hill and J. Kaliakos, Reversible Axial segregation of binary mixtures of granular material, Phys. Rev. E 49, 3610 (1994).

[19] E. Clément, J. Rajchenbach, and J. Duran, Mixing of a Granular Material in a Bidimensional Rotating Drum, Europhys.Lett. 30, 7 (1995).

[20] F. Cantelaube, Y. L. Duparcmeur, D. Bideau, and G. H. Ristow, Radial segregation in a 2D drum: an experimental analysis, J. Phys. I France 5, 581 (1995).

[21] S. Warr, G. Jacques, and J. Huntley, Tracking the translational and rotational motion of granular particles: use of high-speed photography and image processing, Powder Technology 81, 41 (1994).

[22] E. Ehrichs, H. Jaeger, G. Karczmar, J. Knight, V. Y.Kuperman, and S. Nagel, Granular Convection Observed by Magnetic Resonance Imaging, Science 267, 1632 (1995).

[23] P. Haff, Grain flow as a fluid-mechanical phenomenon, J.Fluid Mech. 134, 401 (1983). [24] S. B. Savage, Gravity flow of cohesionless granular materials in chutes and channels, J. Fluid Mech. 92, 53 (1979).

[25] S. B. Savage, The mechanics of rapid granular flows, Adv. Appl. Mech. 24, 289 (1984). [26] C. S. Campbell, Rapid Granular Flows, Annu. Rev. Fluid Mech. 22, 57 (1990). [27] J. Goldhirsch and G. Zanetti, Clustering Instability in Dissipative Gases, Physical Review Letters 70, 1619 (1993).

[28] R. Mazighi, B. Bernu, and F. Delyon, Steady state of a column of shaked inelastic spheres,

Phys. Rev. E 50, 4551 (1994).

[29] A. Goldshtein and M. Shapiro, Mechanics of collisional motion of granular materials. Part 1.

General hydrodynamic equations, J.Fluid Mech. 282, 75 (1995).

[30] M. Jean and J. J. Moreau, Unilaterality and dry friction in the dynamics of rigid body collections, in Proceedings of Contact Mechanics International Symposium (Presses Polytechniques et Universitaires Romandes, Lausanne, Switzerland, 1992), pp. 31–48.

[31] J. J. Moreau, New computation methods in granular dynamics, in New computation methods in granular dynamics (Balkema, Rotterdam, 1993), p. 227.

[32] W. Cooke, S. Warr, J. Huntley, and R. Ball, Particle size segregation in a two-dimensional bed undergoing vertical vibration, submitted to Phys. Rev. E (unpublished).

[33] S. Luding, E. Clément, A. Blumen, J. Rajchenbach, and J. Duran, The onset of convection in Molecular dynamics simulations of grains, Phys. Rev. E 50, R1762 (1994).

[34] S. Dippel and S. Luding, Simulations on Size Segregation: Geometrical Effects in the Absence of Convection, J. Phys. I France 5, 1527 (1995).

[35] T. Pöschel and H. J. Herrmann, Size Segregation and Convection, Europhys. Lett. 29, 123 (1995).

[36] T. Pöschel and H. J. Herrmann, 3D Simulation of Size Segregation, to appear (unpublished). [37] P. A. Cundall and O. D. L. Strack, A discrete numerical model for granular assemblies, Géotechnique 29, 47 (1979).

[38] O. Walton and R. Braun, Viscosity, Granular-Temperature, and Stress Calculations for Shearing Assemblies of Inelastic, Frictional Disks, Journal of Rheology 30, 949 (1986).

[39] G. A. Kohring, S. Melin, H. Puhl, H. J. Tillemans, and W. . Vermöhlen, Computer Simulations of Critical, Non-Stationary Granular Flow Through a Hopper, Comput. Methods in Appl. Mechanics and Eng. 124, 2273 (1995).

[40] S. Luding, H. J. Herrmann, and A. Blumen, Scaling Behavior of 2-Dimensional Arrays of Beads under external Vibrations, Phys. Rev. E 50, 3100 (1994).

[41] M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids, (Oxford University Press, Oxford, 1987).

[42] B. D. Lubachevsky, How to Simulate Billards and Similar Systems, J. of Comp. Phys. 94, 255 (1991).

[43] S. McNamara and W. R. Young, Inelastic collapse and clumping in a one-dimensional granular medium, Phys. Fluids A 4, 496 (1992).

[44] S. McNamara and W. R. Young, Kinetics of a one-dimensional granular medium in the quasielastic limit, Phys. Fluids A 5, 34 (1993).

[45] S. Luding, Granular Materials under Vibration: Simulations of Rotating Spheres, Phys. Rev.

E 52, 4442 (1995).

[46] Y. Du, H. Li, and L. Kadanoff, Breakdown of Hydrodynamics in a One-Dimensional System of Inelastic Particles, Physical Review Letter 74, 1268 (1995).

[47] J. Schaefer, S. Dippel, and D. Wolf, Force Schemes in Simulations of Granular Materials, J.Phys. I France 6, 5 (1996).

[48] S. Luding, E. Clément, A. Blumen, J. Rajchenbach, and J. Duran, Studies of columns of beads under external vibrations, Phys. Rev. E 49, 1634 (1994).

[49] B. Bernu and R. Mazighi, One-dimensional bounce of inelastically colliding marbles on a wall, J. Phys. A: Math. Gen. 23, 5745 (1990).

[50] S. Luding, E. Clément, A. Blumen, J. Rajchenbach, and J. Duran, Anomalous energy dissipation in molecular dynamics simulations of grains, Phys. Rev. E 50, 4113 (1994).

[51] S. Luding, E. Clément, A. Blumen, J. Rajchenbach, and J. Duran, Interaction Laws and the Detachment Effect in Granular Media, in Fractal Aspects of Materials (Materials Research

Society, Symposium Proceedings, Pittsburgh, Pennsylvania, 1995), Vol. 367, p. 495.